Abstract: The article analyzes the existing algorithms of cardiac imaging reconstructions using multidata segments and derives the ideal data segment conditions. A scheme of selectable velocity scanning is then proposed for cardiac computed tomography with a circular trajectory, which can cover any cardiac phase exactly or approximately to achieve a desirable temporal resolution. Numerical tests show that the selectable source rotational velocity method outperforms the traditional multidata segment algorithms. The proposed method can be also extended into the cases of helical scanning and variable heart rates.
T he cardiac computed tomography (CT) technology has been rapidly advancing in recent years. The improvements are in particular due to high source rotational velocity, multiple detector rows, and electrocardiogram (ECG)-gating techniques. However, temporal resolution remains to be an issue because of the relatively fast cardiac motion. To minimize the cardiac motionYinduced image blurring, a fraction of the cardiac cycle is typically used to reconstruct an image via prospective ECG gating. 1Y4 Specifically, a middle portion in the diastolic phase is commonly chosen for reconstruction with the least motion. To improve temporal resolution further, half-scan reconstructions are used. In a half-scan, the data are acquired over approximately 240 degrees (180 degrees plus the x-ray beam fan angle). 5 Another approach is to use a multiple-segment reconstruction method via retrospective ECG gating. 6, 7 In the multisegment reconstruction, data from several cardiac cycles are collected corresponding to required projection angles.
Depending on which of the 2 ECG-gating methods is used, the data acquisition process is controlled differently. In prospective triggering, a heart is scanned by a series of axial rotations. In this case, x-rays are on and off correlated to the motion of the heart. Evidently, the source rotational velocity should be faster than the heart rate. Sufficient data can then be collected for image reconstruction. On the other hand, retrospective gating is used to select data from a continuous data stream. According to the cardiac phase information extracted from the ECG signal, data corresponding to the desirable cardiac phase are identified for image reconstruction. 8 In this scenario, multisegments are processed for reconstruction. This allows cardiac imaging with higher heart rates. It has been recognized that the heart rate and the source rotational velocity should not be synchronized. Generally speaking, 5 to 6 heartbeat cycles are needed. The number of data segments is determined by the temporal resolution, heart rate, and source rotational velocity. Currently, there are a number of algorithms available for cardiac CT. These include 180-degree multislice cardiac interpolation, 180-degree multislice cardiac delta, extended cardiac reconstruction (ECR), and extended parallel back projection cardio interpolation algorithms. 9Y11 The 180-degree multislice cardiac delta algorithm reconstructs an image from a partial scan of a 180-degree angular interval. The 180-degree multislice cardiac interpolation algorithm interpolates data of adjacent heart cycles for reconstruction. The ECR is a filtered back projection algorithm combining wedge-based reconstruction with cardiac gating. Extended parallel back projection cardio interpolation has a structure similar to ECR, but with differences in the filtering and cardiac weighting steps.
In this article, we are concerned with the source rotational velocity for a cardiac CT because the source velocity is an important factor affecting the image quality. The range of the source rotational velocity is also important to handle different heart rates. 2, 12, 13 In this article, a scheme of selectable velocity source rotation is presented, which is a function with respect to the temporal resolution and the heart rate. The resultant formula can be applied for both exact and approximate reconstructions. Our formulation assumes the circular scanning and fixed heart rate, but it can be extended to the cases of helical scanning and variable heart rates.
The article is organized as follows. The first section describes basic problems and existing algorithms for cardiac CT. In the second section, a general condition is derived for multisegment reconstructions, and a new scheme of selectable velocity source rotation is proposed for exact and approximate reconstructions. In the third section, numerical simulation results are given to demonstrate the merits of our scheme. The last section concludes the article.
CURRENT METHODOLOGY: FIXED/QUASIFIXED SOURCE ROTATION FOR MULTISEGMENT RECONSTRUCTION
The ratio between the source rotational velocity and the heart rate is the most important factor for synchronizing the data acquisition and the cardiac motion. Ideally, the source rotational velocity should be selected according to the heart rate.
If the heart rate is exactly equal to an integral multiple of the rotational speed, the rotation is the least favorably synchronized with the heart rate because the resultant data segments will remain the same for every full-scan. In this case, the same projection data is collected again and again. One way to overcome this problem is to make the source rotational velocity sufficiently fast and use a prospective ECG-gating technique. However, such a superfast scanning is often unrealistic in practice. The other solution is to make the source rotational velocity controllable, which can be adjusted according to the temporal resolution and heart rate.
In multisegment reconstructions, the temporal resolution of an image depends on the completeness of available data segments. Therefore, the image quality is governed by the property of data segments. Ideal multisegments require that there are seamless data segments of a constant angular span. For simplicity, a special case is discussed as follows. Let P be the heart period, T temporal resolution, and Pc the source rotational period. It is easy to see that data segments are matched exactly if Pc = P j T is satisfied. In this case, the start of the next data segment coincides with the end of a previous data segment. Similarly, data segments are seamlessly merged if Pc = P + T is satisfied. In this case, the end of the next data segment coincides with the start of a previous data segment. In these cases where the source rotation isT faster or slower than the heart beating, the data segments can be combined without any gap. To have an even distribution of data segments, the number of data segments should be an integer. If n is the requested number of cycles, it should be equal to Pc/T. Hence, the condition for the ideal data fusion is T = P j Pc or Pc j P and n ¼ Pc T For example, let P = 0.6 second and Pc = 0.5 second or Pc = 0.7 second. Then = 0.1 second allows ideal data segments, as shown in Figure 1 . In the case that is less than 0.1 second, there are gaps between data segments. If is greater than 0.1 second, there are overlaps between data segments.
A heart acts like a pump circulating the blood through the whole body. It is composed of 4 major parts: the right atrium, right ventricle, left atrium, and left ventricle. The ventricle pushes the blood out of the heart, whereas the atrium pumps the blood into the heart. The dynamics of the heart is determined by an electrical trigging signal referred to as the ECG. The ECG signal consists of R, T, S, and P waves. 14 In the multisegment reconstruction, the least motion period of the heart, such as the mid-late diastolic stage, is usually chosen to reduce motion artifacts. Each data segment of a full-scan data set is collected from 1 cardiac cycle. Data segments are processed and reconstructed into images.
In practice, there are only a limited number of source rotational velocities available for the current CT scanners. For some heart rates, the restriction on the selection of the source rotational velocities may present a problem for cardiac imaging. Different heart rates demand different rotational velocities for an ideal combination of multiple data segment. 6, 7, 15 As a result, ideal data segments cannot be generally achieved with a fixed gantry velocity. To have an ideal data segment, the temporal resolution often has to be compromised. In the next section, we will present a scheme of selectable velocity source rotation for cardiac reconstruction.
PROPOSED STRATEGY: SELECTABLE SOURCE ROTATION FOR MULTISEGMENT RECONSTRUCTION
First, let us define the cardiac CT problem formally. Suppose we are given v(t) = v(t + P): the volume or the phase of a heart, where P is the period. Let v(t i ) ¶s, 0 e t 1 G t 2 G I G t q G P, be the volumes or status to be imaged. For each level i, let a i,l be p evenly spaced projection angles
5 i is not necessarily equal to 5 j for i m j. Furthermore, let s t ð Þ ¼ 2P Pc t denote the source angle at time t, where Pc is the period of the source rotation. The CT reconstruction is to construct heart images at levels v(t i ) ¶s, based on the projection data collected at a i,l 's, i = 1, l = 1,Ip. This can be done in 1 of the following 2 ways.
Exact Reconstruction v(t) is time varying. To exactly reconstruct an image of v(t i ), projection data at a i , l can only be taken precisely at time t i + kP for some integer k Q 0. Therefore, for each l =1,I, p there exists some integer k Q 0.
Approximate Reconstruction
Suppose that the first projection angle
. Seamless combination of ideal data segments in which 5 data segments make a full-scan data set. Assume heartbeat period is 0.6 second and rotation period is 0.5 second. Imaging period is from 0.3 to 0.4 second in cardiac cycle. R is the peak of ECG signal and T is the temporal resolution.
i=1,I,q, l=1,I,p (2) 
If the time interval ðpj1ÞPc p ;
for some integer p Q 1, is small as compared with the period P of the heart, the projection angles
may be considered all taken at the time t i or for the level i. Unlike in the exact reconstruction case where for a given level i only 1 projection angle can be used within 1 cycle of v(t), here p projection angles can be taken within 1 cycle of v(t) for an approximate reconstruction. It is important to note the assumption that the first projection angle
for the level i taken at time t 1 + kP does not pose any restriction at all because 5 1 can be determined once t i is specified. Now, our problem can be formulated as follows. Given the period P of the heart, the volume levels v(t i )(i = 1,I,q), the projection angles
, q, l = 1,I, m , w = 1,I, p, p = pm , find a constant velocity s t ð Þ ¼ 2P P c t so that it covers every level at all the projection angles with the minimum time. We have the following result. Theorem 1 The approximate reconstruction problem can be solved by a constant velocity
where m Q 0 is any integer. Proof: For each level, only p projection angle data can be collected within 1 heart cycle that requires the time p p P c :
In addition, to make up all p projection data, the process has to be repeated times. Furthermore, the first projection angle has to be exactly at the level v(t i ), that is,
Therefore, the minimum time required for the level i is t i þ ðmj1ÞP þp j1 p P c and this implies that the minimum time for all the levels is
Now, let us show that s(t) covers every level at all the projection angles with the minimum time. Actually, we have 
DIGITAL PHANTOMS AND SIMULATION RESULTS
To compare the results obtained with the existing schemes of fixed source rotation with our scheme of selectable velocity source rotation, several numerical tests were carried out using 2 cardiac phantoms. 16 They are the thorax phantom and the motion phantom. The thorax phantom consists of parts simulating lungs, heart, aorta, ribs, spine, sternum, and shoulders, respectively. There are 271 basic objects in the thorax phantom, constructed by spheres, cylinders, and boxes. A heart is represented by an ellipsoid. The aorta is composed of 3 cylinders. For simplicity, the motion of the left ventricle is divided into 5 phases, depicting the basic systolic and diastolic processes (Fig. 2) . The period of the cardiac motion was set to 0.6 second, with the motion amplitude being 1 cm along each semi-axis of the heart. The motion phantom contains 3 rows of cylindrical patterns with the diameters being 1, 2, and 3 mm, respectively. The second and fourth columns were vibrated along the horizontal direction according to a sinusoid function. The motion amplitude was set to 5 mm. Other relevant parameters include the heart period P = 0.6 second, the source rotation period Pc = 0.5 second, and temporal Figure 3A has the best quality because the data segment is ideal. Figure 3B is unsatisfactory and Figure 3C is a little distorted because of the gaps and overlaps. This simulation shows that a better image can be only achieved in an ideal segment. However, temporal resolution is fixed and cannot be improved in current cardiac CT. In the following, 3 types of simulations are provided. In the first simulation, we consider the GE LightSpeed scanner because it can offer more choices of velocities than others. Six fixed velocities (0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 second per rotation) provided by GE LightSpeed scanner are used. We reconstruct images based on these velocities and compared these images with the ones reconstructed from the selectable velocity. Suppose the heart rate is 78 beats per minute or the heart period is 0.77 second. None of the available source rotation periods (0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 second) would provide an ideal multisegment combination. Hence, needed multisegments must be assembled from available data after necessary interpolation.
Using the selectable velocity method, let p = 72, we have Pc = 0.43 second. Figure 4 shows the reconstructed image over 5 heart cycles. Clearly, the image reconstructed by selectable velocities of 0.43 second (Fig. 4G) is better than the images reconstructed with fixed velocities of 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 second (Fig. 4AYF) , respectively, because the data segment is ideal in selectable velocity but is not ideal in fixed velocity.
In the second simulation, different velocities are selected by selecting different adjustable parameters in the formula. Generally speaking, the faster the rotation is, the better the temporal resolution is. For example, the setting of P = 0.6 second, p = 360,p = 72, and m = 1 implies Pc = 0.5 second. If m = 2, then Pc = 0.33 second. Some representative images are illustrated in Figure 5A and B. Figure 5B is better than A because the velocity is faster. On the other hand, commercially available CT scanners do not allow a free choice of the source velocity to achieve better image. The simulation shows that faster rotation will result in better image in our method (Fig. 5) .
In the third simulation, the images for different total imaging times are reconstructed. For a fixed gantry velocity, even if ideal data segments can be collected, temporal resolution will not be improved further by prolonging the scanning time. On the other hand, a higher temporal resolution can be achieved using selectable velocity method if a longer imaging time is permitted. For example, m = 0 and p = 72 result in Pc = p/pP = 5P, whereas m = 0 and p = 6 give rise to Pc = 36P. Two choices present different temporal resolutions. The higher-resolution imaging protocol p = 6 takes a longer time. The simulation results are given in Figures 6A and B . Figure 6B is much better than A because the total time is longer. This simulation has shown that the image quality can always be improved by extending the total 
DISCUSSIONS AND CONCLUSIONS
In the third section, the approximate reconstruction strategy has been formulated in terms of p projection angles; but in practice, the approximate reconstruction is often characterized by a time interval T, referred to as the temporal resolution. For a given heart period P, one may specify a small time interval or temporal resolution T, indicating that within the time interval T, the heart v(t) is regarded invariant; and thus, all the projection data collected within that interval are treated as being taken at the same heart volume level. This requirement can be easily met by choosing p and Pc so that ðpj1ÞPc p G T It is intuitively clear that if Pc is fast (small), p can be large, and vice versa. It is also interesting to note that a solution s t ð Þ ¼ 2P Pc t does not have to be fast; and in fact, it could be very slow. For instance, let p = 1 and p = 360. s(t) is 360 times slower than v(t), but it covers all the levels and all the projection angles within the minimum time. Of course, s(t) does not have to be slow and can be faster than v(t). If we let m Q 1, we have Pc G P, which implies s(t) moves faster than v(t).
In conclusion, multisegment reconstructions are used in current cardiac CT. However, current CT only provides very limited choices of velocities. In most cases, ideal projection data segments cannot be achieved for various different heartbeats. Therefore, projections should be windowed and interpolated to achieve corresponding approximate projection data segments.
The selectable velocity method is a new idea for cardiac CT. The key is that velocity of rotation can be selected based on heartbeat. We present a formula to summarize the relationship between the rotation velocity and the heartbeat rate [Formulas (1), (2), and (3)]. The selected velocity can always achieve ideal projection data. Moreover, we could also choose some parameters such as p and m to select different velocities and temporal resolutions. Therefore, image quality is controllable according to heartbeats and actual needs. Simulations show the selectable velocity method outperforms the fixed velocity method (illustrated in Figs. 4Y6) . Although the studies have been limited to circular scanning and a fixed heart rate, our methodology can be extended to helical scanning and variable heart rates. Further work is under way.
